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Mutual Control of Membrane Fission
and Fusion Proteins
analysis of yeast endocytosis has not revealed a require-
ment for a dynamin-like GTPase. Instead, the actin sys-
tem appears to have a crucial role there (D’Hondt et al.,
Christopher Peters,* Tonie L. Baars,
Susanne Bu¨hler,1 and Andreas Mayer*
De´partement de Biochimie
Universite´ de Lausanne 2000). Dynamins are not only found at sites of membrane
fission. They also localize to sites of actin remodelingChemin des Boveresses 155
1066 Epalinges and actin-driven vesicle motility (Cao et al., 1998; Hin-
shaw, 2000; Lee and De Camilli, 2002; Ochoa et al.,Switzerland
2000; Orth et al., 2002; Salazar et al., 2003; Shaw and
Nunnari, 2002; Zenisek et al., 2002) and hence might
participate in active transport of vesicles along cytoskel-Summary
etal tracks.
Yeast vacuoles have served as models for studyingMembrane fusion and fission are antagonistic reac-
organelle transmission, organelle fragmentation, andtions controlled by different proteins. Dynamins pro-
membrane fusion (Weisman, 2003). Vacuoles undergomote membrane fission by GTP-driven changes of
regulated cycles of membrane fission and fusion, whichconformation and polymerization state, while SNAREs
are linked to the cell cycle and are also controlled byfuse membranes by forming complexes between t-
environmental conditions, such as osmotic stress. If aand v-SNAREs from apposed vesicles. Here, we de-
yeast cell buds and initiates growth of a daughter cell,scribe a role of the dynamin-like GTPase Vps1p in
the vacuole pinches off vesicles which migrate into thefusion of yeast vacuoles. Vps1p forms polymers that
growing daughter cell and fuse there to establish thecouple several t-SNAREs together. At the onset of
new vacuolar compartment. Little is known about fac-fusion, the SNARE-activating ATPase Sec18p/NSF and
tors involved in vacuole fragmentation (Bonangelino etthe t-SNARE depolymerize Vps1p and release it from
al., 2002), and the process of actin-dependent vesiclethe membrane. This activity is independent of the
transport into the daughter cell is just being elucidated,SNARE coactivator Sec17p/-SNAP and of the v-SNARE.
but the fusion reaction has been characterized inVps1p release liberates the t-SNAREs for initiating fu-
some detail.sion and at the same time disrupts fission activity. We
Fusion of yeast vacuoles can be reconstituted in apropose that reciprocal control between fusion and
cell-free system (Wickner and Haas, 2000). Like manyfission components exists, which may prevent futile
other membranes, yeast vacuoles fuse depending on acycles of fission and fusion.
Rab-GTPase (Ypt7p) and a Rab-GTPase-regulated pro-
tein complex, the HOPS complex. Membrane tetheringIntroduction
requires activation (priming) by the ATPase Sec18p/NSF
and its cofactor, Sec17p/-SNAP. Tethering evolves intoMembrane traffic consists of cycles of membrane fission
a tighter form of association, docking, which involvesand fusion, which need to be balanced to guarantee
the SNAREs Vam3p, Vti1p, Vam7p, and Nyv1p (Boed-membrane homeostasis. Both activities are required for
dinghaus et al., 2002; Ungermann et al., 1998, 1999).trafficking cycles, but they are antagonistic. Since an
After SNARE-dependent docking, further factors, suchactivated fusion machinery might immediately reverse
as calmodulin, the V0 sector of the V-ATPase, Vtc3p,membrane fission of a nascent vesicle—and vice versa—
and Vac8p, are required for efficient transition to fullfutile cycles of fission and fusion could result.
fusion (Bayer et al., 2003; Muller et al., 2002b; Peters etIntracellular membrane fission occurs during budding
al., 1999, 2001; Peters and Mayer, 1998; Wang et al.,of coated vesicles from the plasma membrane or from
2001). Vacuole fusion can be inhibited by the poorlyorganelles, during organelle division, or during mitotic
hydrolysable GTP analog GTPS or the Ca2 chelatorfragmentation of organelles. Dynamin-like GTPases ap-
BAPTA (Wickner and Haas, 2000).pear to be important in several cases of fission, for
example, for scission of clathrin-coated vesicles or for
Resultsfragmentation of mitochondria and chloroplasts. Fission
activity of dynamins correlates with their ability to form
Vps1p Regulates Vacuolar Structurehigher-order oligomers (Hinshaw and Schmid, 1995;
and DynamicsMarks et al., 2001; Song et al., 2004; Stowell et al., 1999;
Homeostasis of vacuolar structures requires fusion, fis-Takei et al., 1995), and under suitable conditions spiral-
sion, and actin-dependent transport of vacuolar mem-or ring-like collars of dynamin can be visualized, which
branes. Inactivation of proteins involved in these pro-surround the neck of nascent clathrin-coated vesicles.
cesses often results in aberrant vacuolar morphology,It should be noted, however, that although dynamins
which can be visualized by staining living yeast cellsare required for endocytosis in mammalian cells, genetic
with the fluorescent dye FM4-64 (Vida and Emr, 1995).
To test whether Vps1p influenced vacuolar membrane
*Correspondence: christopher.peters@unil.ch (C.P.); andreas.mayer@
dynamics, we created vps1 mutants and analyzed themunil.ch (A.M.)
by FM4-64 fluorescence microscopy. Whereas BJ35051Present address: Department of Chemistry and Biochemistry, Uni-
versity of Colorado, Boulder, Colorado 80309. wild-type cells contained one big vacuole, a fusion mu-
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combine features expected from mutants defective in
vacuolar fission, i.e., enlarged and fewer vacuoles, with
those of fusion mutants, i.e., many small vacuolar frag-
ments. These data are in accord with previous observa-
tions by several other groups who analyzed vacuolar
structure in these strains by different methods (Banta
et al., 1988; Rothman et al., 1989; Wada et al., 1992).
We note that, consistent with vacuoles existing in a
fusion/fission equilibrium, the fusion or the fission phe-
notype of vps1 deletion can prevail in some strain back-
grounds, yielding cells with complete vacuole fragmen-
tation or with only one large spherical vacuole (data not
shown). We also noticed that BJ3505 wild-type vacuoles
were not spherical and were often multilobed, and on
rich medium 5%–10% of the cells showed invaginations
of vacuolar membrane into the lumen of the organelle
(Figure 1A). There were also many segregation struc-
tures, i.e., vacuoles extending into the growing daughter
cell, indicating active actin-dependent transport of vac-
uolar membrane toward the daughter cell (Weisman,
2003). Invps1 cells, the large vacuole was always com-
pletely spherical and did not show any segregation
structures. This suggests that transport of vacuolar
membrane into the daughter cells may be compromised
in vps1 mutants. However, in this study we did not
pursue this aspect further.
We tested whether Vps1p is required for vacuolar fis-
sion by briefly exposing the cells to hypertonic media.
This induces rapid vacuole fragmentation (Bonangelino
et al., 2002). After 10 min exposure to 0.4 M NaCl, BJ3505
wild-type cells had split their single large vacuole into
four to ten smaller vacuolar fragments (Figure 1B).vps1
derivates of these cells, however, maintained their single
large vacuole. This is consistent with a role of Vps1p in
vacuole fragmentation and indicates that, similarly to
other dynamin family members, Vps1p promotes mem-
brane scission.
Earlier immunofluorescence analyses had detected
Vps1p partly as a cytosolic haze and partly in few small
cytoplasmic dots (Ekena and Stevens, 1995; Rothman
et al., 1990), whereas little of the fluorescence signalFigure 1. Vacuole Structure in vps1 Cells
lined vacuolar profiles. Immunofluorescence analysis of(A) vps1, vps1-HA, vam3, and wild-type (wt) cells (all in BJ3505)
yeast requires chemical fixation, which often results inwere logarithmically grown in YPD. Cells were stained with FM4-64
(Peters and Mayer, 1998) and analyzed by spinning disc confocal poor preservation of ultrastructure. Since the technolog-
microscopy using an exitation laser at 488 nm and a 100 objective. ical basis for yeast cytology has improved over recent
Stacks of 20 pictures (z distance 0.5m) were collected. The images years, we reanalyzed Vps1p localization by a combina-
show z projections of the stacks created with ImageJ software. tion of subcellular fractionation and fluorescence mi-
(B) Vacuole fragmentation. vps1 and wild-type cells (BJ3505 back-
croscopy of living cells. We compared the abundanceground) were grown logarithmically in YPD. Cells were stained with
of Vps1p by blotting equal protein amounts of a cytosolicFM4-64 (Bonangelino et al., 2002), reisolated, and resuspended in
extract and of purified vacuolar membranes (Figure 2A).YPD in the presence or absence of 0.4 M NaCl. After 10 min of
incubation at 24C, cells were analyzed by spinning disc confocal The cytosolic marker phosphoglycerate kinase (Pgk1p)
microscopy as in (A). In contrast to (A), only one optical section was not found on vacuoles, whereas the vacuolar Rab-
is shown. GTPase Ypt7p was found only on the membranes. The
specific content of Vps1p was similar in both fractions,
resembling the fractionation pattern of other peripheral
tant such as vam3, which lacks the vacuolar t-SNARE vacuolar proteins, such as components of the actin sys-
Vam3p, showed only vacuole fragments dispersed tem, calmodulin, or the t-SNARE subunit Vam7p (Boed-
throughout the cell (Figure 1A). vps1 mutants showed dinghaus et al., 2002; Eitzen et al., 2002; Peters and
a unique intermediate between the wild-type andvam3 Mayer, 1998). These factors are present on vacuolar
phenotypes, with many small vacuolar fragments grouped membranes but not strongly enriched compared to cyto-
around a large central vacuole. Cells expressing Vps1p- sol. The association of Vps1p with the membranes is
HA, a nonfunctional tagged version of Vps1p (see be- specific because it is regulated by interaction with the
low), showed similar vacuole structure, though not quite vacuolar t-SNARE Vam3p (shown below). The absence
of strong enrichment of Vps1p on vacuoles may explainas pronounced as vps1. The BJ3505 vps1 mutants
t-SNARE Controls Dynamin Disassembly
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Figure 2. Localization of Vps1p
(A) Equal protein amounts (30 g) of purified vacuoles and of a cytosolic extract were analyzed by SDS-PAGE and Western blotting against
the indicated proteins.
(B) Vps1p-GFP on isolated vacuoles. Vacuoles were isolated from BJ3505 expressing untagged Vps1 or Vps1-GFP from the Vps1 promoter.
Isolated vacuoles were analyzed by spinning disc confocal microscopy as in Figure 1A. Ten optical sections (z distance 0.3 m) are shown
plus a bright-field image of the respective vacuole.
(C) BJ3505 cells expressing Vps1-GFP from the Vps1 promoter were grown logarithmically in YPD, harvested, and resuspended in PS buffer
containing 0.6% agarose and 0 or 700 mM KCl. The suspension was transferred onto microscopy slides. After 5 min at 4C and 10 min at
25C, the cells were analyzed by spinning disc confocal microscopy. A confocal section through two cells is shown for each condition.
(D) Same as in (C). The cells were resuspended in buffer without KCl. The confocal section shows a field of cells containing three cells (boxed)
showing a spiral-like structure of Vps1-GFP.
(E) z series of confocal sections through two of the cells marked in (D). The z distance was 0.3 M.
why previous immunofluorescence approaches did not source of Vps1p. This construct was functional because
the cells had wild-type-like vacuolar morphology andclearly detect it on vacuoles. For fluorescence micros-
copy, we used cells expressing Vps1-GFP as the sole because it supported vacuolar fusion activity in vitro
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(data not shown). We isolated vacuoles from Vps1p-GFP
cells or from nontagged wild-type strains and observed
them by spinning disc confocal microscopy, taking opti-
cal sections in 0.3 m steps. Vps1p-GFP vacuoles
showed continuous GFP fluorescence along the vacuo-
lar rim plus accumulation in numerous small foci on
the membrane (Figure 2B). Untagged vacuoles gave no
signal. We also localized Vps1p-GFP in living yeast cells
using the same approach. Vacuoles could easily be iden-
tified in living yeast cells by their characteristic appear-
ance in Nomarski bright field optics (data not shown).
Due to Vps1p-GFP fluorescence in the cytoplasm, their
unique size, and their position in the cell, they could also
be identified as large, nonstained vesicles in confocal
optical sections in fluorescence microscopy. Vps1p-
GFP localized partly as a cytosolic haze and partly in
discrete small dots, many of which lined the vacuolar
rim (Figures 2C and 2D). In agreement with previous
studies (Ekena and Stevens, 1995; Hoepfner et al., 2001),
strong signals were also recovered from few larger cyto-
plasmic vesicular structures, which were clearly distinct
from vacuoles and probably represent TGN or endo-
somes. The diffuse localization of Vps1p-GFP as cyto-
plasmic haze was regulated. Brief exposure of the cells
to hypertonic stress, which leads to vacuole fragmenta-
tion, induced rapid condensation of Vps1p-GFP into nu-
merous bright dots, many of which again lined vacuolar
profiles (Figure 2C). In cells which had been sectioned Figure 3. Fusion Activity of vps1 Mutants
parallel to the plane of the contact zone between two (A) Vacuoles from wild-type (VPS1) and mutant (vps1) cells and
vacuoles, we occasionally observed ring- or spiral-like used in standard fusion reactions run in the presence or absence of
structures of Vps1p-GFP. The boxed cells in Figure 2D 0.5% Triton X-100. For Triton X-100 samples, vacuole concentration
had been increased 5-fold.provide three examples for this. Series of optical sec-
(B) Fusion of vps1ts vacuoles. BJ3505 and DKY6281 cells expressingtions for two of these cells are shown in Figure 2E. The
wild-type VPS1 or the conditional vps1ts allele were grown (25C).ring-like structures are placed at a z position where the
Vacuoles were prepared using 25C instead of 30C incubations.
circumference of the lower vacuole shrinks and another The vacuoles (0.6 mg/ml) were incubated (37C) in PS with 100 mM
vacuolar rim above this structure starts to increase in KCl for 5 or 10 min. Then, the samples were supplemented to yield
size. We conclude that Vps1p is present on vacuoles standard fusion reactions. After 60 min at 27C, fusion activities
were determined.and can form filamentous structures on this organelle.
Vps1p Is Required for Vacuole Fusion et al., 1992). As in numerous other trafficking mutants,
this may finally lead to the accumulation of wild-typeVacuole fusion can be tested with isolated organelles
in a cell-free system, using vacuoles from two different levels of most proteins in the vacuoles, particularly of
vacuolar membrane proteins. In vps1 cells, these canstrains. BJ3505 expresses an enzymatically inactive
pro-alkaline phosphatase (pro-Pho8p) in the vacuolar be sorted to vacuoles not only along their authentic
trafficking pathway, but also by exocytosis and subse-lumen, whereas DKY6281 carries the appropriate matu-
ration enzymes (Pep4p and Prb1p). Vacuoles from both quent endocytic delivery to vacuoles (Nothwehr et al.,
1995). To ensure that the reporter enzymes of the fusionstrains are mixed in the presence of an energy regenerat-
ing system and physiological salt conditions. Fusion assay were functional in vps1 vacuoles, we lysed con-
centrated vacuole mixtures with Triton X-100 in fusionbetween the vacuoles provides access of the maturation
enzymes to pro-Pho8p, producing mature Pho8p, which buffer. This artificially permits access of the proteinases
to pro-Pho8p and simulates contents mixing by fusion.is now active. The alkaline phosphatase activity pro-
duced serves as a readout for fusion (Wickner and Haas, A strong signal was generated with both wild-type and
vps1 vacuoles, indicating that the assay system was2000).
A potential role of Vps1p in vacuole fusion was tested functional in the mutants.
Next, we introduced vps1ts (Vater et al., 1992), a con-in this cell-free system using mutations resulting in con-
ditional or constitutive deficiency of Vps1 function. Vac- ditional allele of Vps1, intovps1 cells, making it the sole
source of Vps1p. The vps1ts allele leads to missorting ofuoles from vps1 strains did not fuse (Figure 3A). The
protein pattern of isolatedvps1 vacuoles did not reveal vacuolar proteins at the restrictive temperature of 37C,
but not at the permissive temperature of 22C. In ordersignificant differences to that of the wild-type (data not
shown), suggesting that the steady-state protein con- to avoid potential secondary effects by missorting, we
cultivated the cells at 22C, prepared vacuoles, andtent of vps1 vacuoles is similar to that of wild-type
vacuoles. This is probably due to the fact that trafficking tested them for fusion activity (Figure 3B). vps1ts vacu-
oles showed 52% of the activity of wild-type organelles.to the vacuole is significantly delayed in vps1 cells but
not completely prevented (Rothman et al., 1990; Vater As is the case for many other conditional alleles, vps1ts
t-SNARE Controls Dynamin Disassembly
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Figure 4. Antibodies to Vps1p Inhibit Fusion
Fusion reactions without ATP were preincu-
bated with the indicated concentrations of (A)
nonimmune or anti-Vps1p antibodies (15 min,
0C), or (B) with Fab fragments from anti-Vps1p
or nonimmune IgG. ATP was added and fu-
sion was assayed after 60 min at 27C. (C)
Kinetic analysis. Standard fusion reactions
without cytosol were started at 27C. At the
indicated times, inhibitors or control buffer
was added. The samples were left on ice for
10 min. Then, they were transferred to 27C
or left on ice for the remainder of the 70 min
reaction period. After 70 min, fusion activity
was assayed. The following inhibitors were
used: anti-Sec18p (2 M), anti-Nyv1p (2.5
M), Gdi1p (10 M), anti-Vps1p (25 M), anti-
Vam3p (2 M).
vacuoles are obviously functional in vivo under permis- times, and the samples were incubated further until the
end of a standard fusion period (60 min). Another aliquotsive conditions but lose activity more readily in vitro,
even if incubated only at standard fusion temperature was chilled to stop fusion at that time and measure
progression of the reaction. All inhibitors blocked fusionof 27C. If the isolated vacuoles had been subjected to
a 10 min preincubation at 37C in order to inactivate the when added from the beginning (t  0 min; Figure 4C),
yielding activities similar to those obtained by stoppingvps1ts protein, the activity of vps1ts vacuoles in the
subsequent fusion reaction at 27C dropped to less than fusion via chilling on ice. After 30 min, the reaction was
resistant to antibodies to the t-SNARE Vam3p, and to8% of the untreated wild-type control. This means that
vps1ts vacuoles lost 83% of their activity upon a brief extraction of the Rab-GTPase Ypt7p via Gdi1p, proper-
ties indicating the completion of docking (Mayer andshift to 37C. In contrast, wild-type vacuoles lost only
15% of their initial activity after preincubation at 37C. Wickner, 1997; Ungermann et al., 1998). The resulting
activities of Gdi1p- or anti-Vam3p-treated samples wereThe fusion defects of vacuoles from strains carrying
the conditional vps1ts allele or a deletion of Vps1 thus similar to those obtained upon addition of control buffer
only. The inhibition curve for anti-Vps1p overlapped withsuggest that vacuole fusion requires Vps1p.
We further explored the function of Vps1p in vacuole those for anti-Vam3p and Gdi1p, indicating that Vps1p
acts up to the docking stage. We note that the type offusion by assaying its molecular interactions with vacuo-
lar fusion proteins (see below) and by using affinity- kinetic analysis shown above demonstrates the latest
step influenced by an inhibitor but does not resolvepurified antibodies to Vps1p to selectively inactivate
this protein on isolated vacuoles. Antibodies to Vps1p additional earlier events influenced by a compound.
While these data clearly demonstrate the involvementinhibited fusion of isolated vacuoles efficiently (IC50 
1.7M; Figure 4A), whereas nonimmune IgG at the same of Vps1p in vacuole fusion, they also suggest that Vps1p,
though it binds GTPS, probably does not account forconcentration had no effect. Monovalent Fab fragments
derived from anti-Vps1p antibodies inhibited the reac- the postdocking inhibitory effect of GTPS observed
previously (Wickner and Haas, 2000).tion at similar concentrations of antigen binding sites
as the bivalent antibodies (Figure 4B). The antibodies
to Vps1p were used for kinetic analyses to define which The t-SNARE Vam3p and Sec18p/NSF Regulate
Vps1p Independently of Sec17p/-SNAPstage of the reaction was affected. The bulk of vacuoles
completes distinct reaction steps within certain intervals and the v-SNARE Nyv1p
We tested a potential modulation of Vps1p in the courseand then becomes resistant to inhibitors of these steps
(Conradt et al., 1994; Mayer et al., 1996). This can be of fusion by differential extraction experiments. Confor-
mational changes of peripheral membrane proteins canexploited to reveal the sequence of events. Inhibitors
were added to ongoing fusion reactions at different influence their membrane association. The release of
Cell
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peripheral proteins from the membrane can hence pro-
vide assays for such events. For example, Sec17p/
-SNAP is released from vacuoles as a consequence
of the ATP-driven separation of cis-SNARE complexes
by Sec18p/NSF and Sec17p/-SNAP. This molecularly
well-defined subreaction was instrumental for analyzing
the mechanism of vacuolar fusion (Mayer et al., 1996).
Membrane release can be monitored by sedimenting
vacuoles out of ongoing fusion reactions at different
times and blotting the membranes for associated pro-
teins. At the end of a fusion reaction, significant amounts
of Vps1p were detected in the supernatant of the reac-
tion (Figure 5A), suggesting that membrane binding of
Vps1p had been weakened in the course of the fusion
reaction. We compared the time course of Vps1p release
to that of Sec17p/-SNAP. The membrane integral vacu-
olar v-SNARE Nyv1p was used to check for complete
sedimentation of the membranes. It sedimented in equiva-
lent amounts at all time points (Figure 5B). Sec17p/
-SNAP was released within 15 min of a fusion reaction
(Figure 5B), consistent with its function in priming
SNAREs, which is completed in this interval (Mayer et
al., 1996). In the same samples, most Vps1p was re-
leased more slowly. Several observations suggest that
the release of Vps1p is tied to the progress of the vacuo-
lar fusion reaction and hence a valid diagnostic criterion.
First, Vps1p release was largely completed by 30 min,
i.e., at the same time when vacuole fusion became resis-
tant to inhibition of Vps1p and when docking was com-
pleted. Second, Vps1p-HA carrying a C-terminal his6-
(HA)3 tag could not be released from the membrane
(Figure 5C). This nonreleasable Vps1p-HA blocked fu-
sion (Figure 5D) and induced aberrant vacuole morphol- Figure 5. Vps1p Release from Mutant Vacuoles
ogy in vivo (Figure 1A), although the initial steps of vacu- (A) Vacuoles (0.2 mg/ml) in PS buffer were supplemented with 150
ole fusion, i.e., SNARE priming and Sec17p release, mM KCl and reisolated. The organelles were resuspended in PS
remained intact (see below; Figure 6D). Third, the release buffer and incubated in standard fusion reactions. After 60 min at
27C, 500 l PS with 150 mM KCl was added, and the samples wereof Vps1p strictly depended on Sec18p/NSF and on the
centrifuged (6 min, 20000 g, 2C) and separated into supernatantsvacuolar t-SNARE Vam3p (see below).
and pellets. Protein from the supernatants was recovered by chloro-Because Vps1p release was not observed in the ab-
form/methanol extraction. Samples were analyzed by SDS-PAGE
sence of ATP (Figure 5C), it must be an active, energy- and Western blotting against Vps1p.
dependent process. To test whether Vps1p release (B) Time course. Vacuoles (0.2 mg/ml) were incubated in fusion
might be controlled by the fusion machinery, we pre- reactions. At the indicated times, vacuoles were diluted, reisolated,
and analyzed by Western blotting as in (A).pared vacuoles from cells with mutations in fusion rele-
(C) Vacuoles from mutants or their isogenic wild-types were incu-vant genes. Strikingly, deletion of the vacuolar v-SNARE
bated in the presence or absence of the ATP regenerating systemNyv1p did not interfere with Vps1p release, whereas
(1 hr, 27C) as in (A) and tested for vacuole bound Vps1p by Western
deletion of the t-SNARE Vam3p blocked it completely blotting. For ts mutants and their wild-types, the phenotype had
(Figure 5C). Because Sec17p/-SNAP and Sec18p/NSF been induced performing the spheroplasting step of vacuole prepa-
are essential for yeast growth, we used vacuoles from ration at 37C.
(D) Vacuoles were prepared from cells carrying vps1-HA as the soleconditional mutants (sec17-1 and sec18-1) to test the
source of Vps1p, or from an isogenic strain with untagged VPS1.involvement of these proteins in Vps1p release. The cells
Their fusion activity was assayed in standard fusion reactions.were shifted to the nonpermissive temperature for 20
(E) Release of Vps1p and Sec17p from wild-type vacuoles was as-
min before vacuoles were prepared. Whereas sec18-1 sayed as in (B), but the reactions were run in the presence of the
vacuoles could not release Vps1p, sec17-1 vacuoles following antibodies: anti-Sec18p (2 M), anti-Sec17p (2 M), anti-
Nyv1p (2 M), anti-Vps1p (15 M), anti-Vam3p (2 M).behaved like wild-type membranes (Figure 5C). We veri-
fied that Sec17p had been successfully inactivated by
monitoring the disruption of cis-SNARE complexes,
which is a Sec17p/-SNAP-dependent process. To this oles (Supplemental Figure S2 at http://www.cell.com/
end, vacuoles were solubilized in Triton X-100 after the cgi/content/full/119/5/667/DC1/).
start of a fusion reaction. The amount of the v-SNARE We used antibodies as an independent means of inac-
Nyv1p that could be coprecipitated with the t-SNARE tivating fusion relevant proteins. Vacuoles were incu-
Vam3p was used as an assay for cis-SNARE complexes. bated with antibodies to Sec17p, Sec18p, Nyv1p, Vam3p,
Under these conditions, the ATP-dependent disruption or Vps1p at concentrations sufficient to block vacuole
fusion (Supplemental Figure S1 on the Cell website).of cis-SNARE complexes was blocked in sec17-1 vacu-
t-SNARE Controls Dynamin Disassembly
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Under these conditions, antibodies to Vam3p, Sec18p,
and Vps1p inhibited Vps1p release, whereas antibodies
to Nyv1p or Sec17p had no effect (Figure 5E). Sec17p
release was inhibited only by antibodies to Sec17p or
Sec18p. Thus, both mutant data and antibody inhibition
indicate that Vps1p release depends on Sec18p/NSF
and the t-SNARE Vam3p but is independent of the
v-SNARE Nyv1p and the Sec18p cofactor Sec17p/
-SNAP. This defines two separable activities of the
t-SNARE/NSF system: the first is a Sec17p-dependent
function that results in Sec17p release and involves cis-
SNARE separation. The second is an action of Sec18p/
NSF on the dynamin homolog Vps1p. Though dependent
on the t-SNARE Vam3p, this function does not require
v-/t-SNARE complexes because it persists after inacti-
vation of Nyv1p and Sec17p/-SNAP.
The requirement of the t-SNARE Vam3p for Vps1p
release was reflected by physical association of these
proteins, which we studied by coimmunoprecipitation
and gel filtration. Purified recombinant cytoplasmic do-
main of Vam3p could bind to purified recombinant
Vps1p in a GTPS-sensitive fashion (Figure 6A). This
suggests that direct interaction of these two proteins is
possible. To further investigate the properties of the
Vam3p-Vps1p interaction in native membranes, Vam3p
was immunoprecipitated from vacuoles that had been
preincubated under fusion conditions in the presence
or absence of ATP, followed by solubilization in deter-
gent. In the absence of ATP, Vps1p coprecipitated effi-
ciently with Vam3p (Figure 6B). Relative to the input, the
efficiency of Vps1p coprecipitation was even signifi-
cantly higher (	5%) than that observed for Vti1p (1.5%),
a known subunit of the vacuolar t-SNARE complex (Un-
germann et al., 1999). We assayed the influence of fusion
on the Vps1p-Vam3p interaction in order to characterize
it. Vps1p-Vam3p coprecipitation correlated to fusion ac-
tivity: first, the Vps1p-Vam3p interaction was broken if
vacuoles had been preincubated with ATP for 30 min
before solubilization (Figure 6B). ATP activates mem-
brane bound Sec18p/NSF. This can be confirmed via a
Figure 6. Vam3p-Vps1p Interaction known Sec18p-dependent reaction, namely the disrup-
(A) Interaction of purified Vam3p with purified Vps1p. The soluble tion of Vam3p interactions with Vti1p, a second subunit
domain of Vam3p and Vps1p, both expressed in and purified from
of the vacuolar t-SNARE complex, and with Sec17p/E. coli, were incubated in the indicated combinations in PS buffer
-SNAP. The ATP-driven disruption of the Vam3p-Vps1pwith 50 mM KCl (2 hr, 27C) in the presence or absence of 2 mM
interaction indeed depended on Sec18p, because inac-GTPS. Vam3p was immunoprecipitated from this mixture, and pro-
teins were analyzed by SDS-PAGE and Western blotting. tivation of Sec18p by antibodies prevented it (Figure 6C).
(B) Vam3p-Vps1p interaction on vacuoles. BJ3505 vacuoles (1 ml, Second, preincubation with the Ca2 chelator BAPTA
0.4 mg/ml) was preincubated (30 min, 27C) under conditions sup- abolished the Vam3p-Vps1p interaction, probably re-
porting fusion (buffer G) with one of the following additions: 5 mM
flecting the fact that dynamins are sensitive to Ca2Mg-ATP, 5 mM BAPTA, 5 mM Mg-GTPS, or control buffer. Then,
levels (Liu et al., 1994). Third, preincubation with GTPSthe samples were supplemented with 1 mM PMSF and 0.5% Triton
released Vps1p from Vam3p, although neither BAPTAX-100, incubated for 5 min on ice, and centrifuged (4 min, 20000 g,
4C). The supernatants were rotated over end (1 hr, 4C) to adsorb nor GTPS disrupted the interaction of Vam3p with Vti1p
protein to affinity-purified anti-Vam3p (10 g), which had been cova- and Sec17p (Figure 6B). Finally, on vacuoles carrying the
lently coupled to carbolink Sepharose (Pierce). The matrix was nonfunctional Vps1p-HA the Vam3p-Vps1p interaction
washed three times with 50 mM KCl, 0.5% Triton X-100, 0.5 mM
remained stable even after incubation with ATP (FigureMnCl2, and 100 M CaCl2, eluted with nonreducing SDS sample
6D). Vps1p-HA could not be released from vacuoles andbuffer, and analyzed by SDS-PAGE and Western blotting. Triton
blocked fusion (Figures 5B and 5C), although traditionalX-100 could be replaced by 30 mM Zwittergent, yielding similar re-
sults.
(C) A Vam3p coimmunoprecipitation experiment was performed as
in (B), but preincubation was in the presence of anti-Sec18p (2 M)
for 60 min. Sec18p antibody does not interfere with immunoprecipi- (D) Vam3p coimmunoprecipitation was performed as in (B), using
tation, because anti-Vam3p was covalently coupled to carbolink vacuoles carrying vps1-HA or untagged VPS1 as the sole source
beads via its carbohydrate chains. After the coupling, these beads of Vps1p. Coimmunoprecipitated proteins were analyzed by SDS-
have no affinity for uncoupled IgG. PAGE and Western blotting.
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indicators of SNARE priming remained unaffected on
Vps1-HA vacuoles: the v-SNARE Nyv1p and Sec17p/
-SNAP were displaced from the t-SNARE Vam3p as
efficiently as in the wild-type control, i.e., the disruption
of cis-SNARE complexes was not affected (Figure 6D).
In sum, the differential effects of mutations and inhibi-
tors on the Vam3p-Sec17p and Vam3p-Vps1p interac-
tions reflect the functional dichotomy observed before.
The t-SNARE Vam3p thus engages in two classes of
Sec18p/NSF-regulated interactions during vacuole fu-
sion, which are functionally and physically separable.
Vacuolar Vps1p Polymers Are Disassembled
by Sec18p and Vam3p
Dynamins can form filamentous polymers both in vivo
(Takei et al., 1995) and in vitro (Hinshaw and Schmid,
1995; Marks et al., 2001) and are sensitive to GTPS,
Ca2, and salt concentration. GTPS can disassemble
dynamin polymers in vitro, and Ca2 can stimulate the
binding of dynamin to membranes (Liu et al., 1994).
Therefore, we asked whether vacuole bound Vps1p is
polymeric, whether the polymeric state might be regu-
lated in the course of a fusion reaction, and whether
regulation might depend on the fusion machinery. To
test this, vacuoles were solubilized in detergent and
subjected to rapid gel filtration on Superose 6, which
resolves proteins up to 2 MDa according to their molecu-
lar mass. Proteins in the gel filtration fractions were
detected by Western blotting. If the membranes had
been incubated in the absence of ATP prior to solubiliza-
tion, Vps1p was partially recovered from gel filtration as
a high molecular weight complex in the excluded volume
(MW
 2 MDa). This complex cofractionated with about
half of the t-SNARE Vam3p (Figure 7A). At low salt con-
centrations (50 mM KCl), recovery of Vps1p and Vam3p
in the high molecular weight complex was almost quanti-
tative (data not shown). In the presence of ATP, both
Figure 7. Vps1p Depolymerizationthe high molecular weight fraction of Vps1p and that of
Vam3p were disassembled into smaller species of less (A) ATP and GTPS dependence. BJ3505 vacuoles (0.5 ml, 0.6
mg/ml) were incubated in buffer G in the presence or absence ofthan 200 kDa (Figure 7A). This suggests that Vps1p and
an ATP regenerating system (30 min, 27C), or in the presence of 5Vam3p are present in a large complex from which they
mM Mg-GTPS. Vacuoles were solubilized and centrifuged as incan be released in the course of a fusion reaction. In
Figure 6B. The supernatant was fractionated on a Superose 6 FPLC
contrast, the high molecular weight fraction of Vam3p column in buffer G with 0.5% Triton X-100 (0.5 ml/min). Fractions
was not associated with Nyv1p (Figure 7A), corroborat- (0.5 ml) were collected, concentrated by CHCl3/MeOH precipitation,
and analyzed by nonreducing SDS-PAGE and Western blottinging our finding that disruption of Vam3p-Vps1p interac-
against the indicated proteins.tion is independent of v-t-SNARE complexes.
(B) Gel filtration of vps1 vacuoles. Vacuoles were suspended inThe high molecular weight forms of Vps1p and Vam3p
buffer G in the absence of ATP, solubilized, and gel filtered as in (A).were disassembled into low molecular weight forms by
(C) Vam3p dependence. Vacuoles from vam3 mutants or wild-type
GTPS (Figure 7A). Since Vam3p and Vps1p can also (BJ3505) were incubated in buffer G with 150 mM KCl plus an ATP
be coprecipitated in a GTPS-sensitive fashion (Figures regenerating system (60 min, 27C) and gel filtered as in (B).
(D) BAPTA releases Vps1p as a polymer. BJ3505 vacuoles (600 g)6A and 6B), this suggests that the interaction with Vps1p
were diluted with 1 ml PS buffer, reisolated (2 min, 10000 g, 4C),might recruit Vam3p into the high molecular weight com-
and resuspended in PS with 150 mM KCl at a concentration of 1plex. This notion is supported by additional physical and
mg/ml. Five hundred microliters of this suspension was incubatedfunctional evidence: First, the high molecular weight
with 5 mM BAPTA (30 min, 0C) and reisolated (4 min, 20000 g, 4C).
pool of Vam3p was absent in vps1 vacuoles (Figure The supernatant was adjusted to 0.5% Triton X-100 and gel filtered
7B). Furthermore, Vam3p not only was a passive binding as in (A), followed by Western blotting against Vps1p.
(E) Vam3p-Vam3p interaction. Vacuoles were isolated from wild-partner but also influenced the ATP-dependent shift of
type VPS1 or vps1 cells (BJ3505) coexpressing untagged Vam3Vps1p to low molecular weight. This shift of Vps1p was
from its authentic locus in the genome and (HA)3-Vam3 from ablocked in a vam3 mutant (Figure 7C), suggesting that
pRS316 plasmid. The vacuoles were incubated in fusion buffer with-Vam3p was required for depolymerization of Vps1p. Fi-
out ATP (30 min, 27C) in the absence or presence of GTPS (5
nally, we also exploited the observation that membrane mM) or BAPTA (5 mM), as indicated. Then, the membranes were
binding of dynamin, but not its polymerization, depend reisolated, solubilized in Triton X-100, and immunoprecipitated with
monoclonal antibodies to HA.on Ca2 (Schmid and Damke, 1995). Vacuole bound
t-SNARE Controls Dynamin Disassembly
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Vps1p could be stripped off the membrane by the Ca2 Vam3p for fusion. Since vacuolar dynamics are regu-
lated by the cell cycle and by environmental conditions,chelator BAPTA (Figure 7D). Under these conditions,
the respective signaling systems might regulate theVps1p from the supernatant was still recovered in the
Vam3p/Vps1p interaction. This aspect remains to beexcluded volume, suggesting that it is not recruited into
explored. Nevertheless, it is evident that an equivalentthis fraction by interaction with Vam3p or other mem-
interplay of dynamins, t-SNAREs, and Sec18p/NSF couldbrane proteins.
occur on other intracellular organelles or during a cycleSeveral SNARE complexes cooperate in fusion (Hua
of exo- and endocytosis.and Scheller, 2001), suggesting that multimerization of
Vps1p may negatively regulate the SNARE system,SNAREs could promote fusion. If the high molecular
because fusion is blocked if Vps1p release is preventedweight Vps1p was polymeric and bound Vam3p directly,
by antibodies or by an inactivating Vps1p mutation.it might produce Vam3p-Vam3p multimers coupled in a
Binding of Vps1p may shield Vam3p from interactionsVps1p-dependent fashion. We tested this possibility
necessary to complete fusion. However, there shouldby coexpressing a tagged HA-Vam3p and nontagged
be an additional positive role for Vps1p, because dele-Vam3p in wild-type or vps1 cells. If polymeric Vps1p
tion of Vps1, which would relieve a simple block of thewould indeed couple several SNAREs, tagged and un-
t-SNARE, leads to fusion incompetence as well. Thetagged Vam3p should be coprecipitable in a Vps1p-
ability to mediate Vam3p-Vam3p interactions might bedependent fashion. Vacuoles carrying tagged and un-
related to this positive function, since several SNAREtagged versions of Vam3p were solubilized in detergent
complexes cooperate in fusion (Hua and Scheller, 2001;and immunoprecipitated with antibodies to the HA epi-
Stewart et al., 2000). Vps1p polymers might organizetope. In the wild-type, untagged Vam3p was coprecipi-
hotspots of fusion containing multiple t-SNAREs. Re-tated with HA-Vam3p, indicating a complex of HA-Vam3p
lease from Vps1p might provide t-SNAREs at high lo-with Vam3p. This association was absent invps1 vacu-
cal concentration, stimulating efficient multiple trans-oles, and it was broken in wild-type vacuoles exposed
SNARE pairing and enhancing fusion. Alternatively,to either GTPS (disassembling polymeric Vps1p) or
displacement of Vps1p from Vam3p might coincide withBAPTA (releasing polymeric Vps1p from the membrane).
a conformational change on Vam3p facilitating down-We could exclude artificial formation of the HA-Vam3p-
stream interactions of Vam3p and fusion. A possible siteVam3p complex postsolubilization by expressing the
of the Vam3p-Vps1p interaction could be the GTPasetagged and untagged versions of Vam3p on different
effector/assembly domain (GED) of Vps1p. The GED isvacuoles. Mixing equivalent amounts of such organelles
predicted to form coiled coils (Hinshaw, 2000) whichbefore immediate solublization did not yield a coprecipi-
might incorporate the coiled coil-forming SNARE do-tation signal (data not shown). Thus, Vps1p organizes
main of Vam3p or parts of the N-terminal helical domaina high molecular weight complex containing multiple
of Vam3p (Dulubova et al., 2001). Interaction with GEDcopies of the t-SNARE Vam3p. Vice versa, Vam3p is a
would place Vam3p in an ideal position to regulatecrucial regulator of the membrane interaction and/or
Vps1p depolymerization, which depends on the GEDconformation of Vps1p, since Vam3 deletion as well as
(Hinshaw, 2000; Song et al., 2004).antibodies to Vam3p inhibited Vps1p release (Figure 5
Several observations from other systems relate to theand Figure 6). The ATP, GTPS, and Vam3p sensitivities
functional connection between Vam3p, Sec18p/NSF,(Figure 7) establish the high molecular weight form of
and Vps1p, suggesting that mutual control of SNAREsVps1p and Vam3p as a specific association and the
and dynamins may be a paradigm of broader relevance.disruption of this association as an event coupled to
First, Drosophila comatose (NSF) mutants recover muchthe fusion process.
faster from a conditional block of neuronal exocytosis
if shibire (dynamin) is inactivated before comatose
Discussion (Sanyal et al., 2001). Second, the plasma membrane
t-SNAREs SNAP-25 and syntaxin bind dynamin (Galas
What could be the function of the observed interactions et al., 2000; Okamoto et al., 1999). Third, dynamin pro-
of SNAREs, NSF, and dynamins? Dynamins act in mem- motes the reclosure of exocytic fusion pores (Graham
brane scission and are abundant at sites of actin remod- et al., 2002) and assembles at the neck of fusing vesicles,
eling and actin-driven vesicle motility (Cao et al., 1998; which release their contents by kiss-and-run exocytosis
Hinshaw, 2000; Lee and De Camilli, 2002; Merrifield et (Holroyd et al., 2002). Finally, Golgi reassembly from
al., 2002; Ochoa et al., 2000; Orth et al., 2002; Salazar mitotic membrane fragments requires NSF in functions
et al., 2003; Shaw and Nunnari, 2002). Vesicular traffic not related to SNARE complex disruption (Muller et al.,
requires vesicle scission and fusion, often connected 1999, 2002a), and inactivation of dynamin disrupts Golgi
by active transport of a vesicle along cytoskeletal tracks. structure (Cao et al., 2000).
To prevent futile cycles of fission and fusion, the fusion Membrane trafficking consists of cycles of membrane
activity of SNAREs should be suppressed during scis- scission and membrane fusion controlled by distinct
sion of a vesicle and/or during its transport. Similarly, sets of proteins (Figure 8). SNAREs can be regarded
fission activity of dynamins should be blocked while as signaling molecules, which may coordinate different
SNAREs are active in the fusion reaction (Figure 8). We steps of a trafficking cycle. SNARES pin membranes
propose that Vam3p could be silenced by binding Vps1p together in the form of trans-SNARE complexes and
in its polymeric form, i.e., the form that should support predispose them for fusion, but they might also control
vacuole scission (Hinshaw, 2000; Song et al., 2004). After and/or signal the completion of various stages of a mem-
scission, Sec18p/NSF could disassemble Vps1p, termi- brane trafficking reaction. This may involve SNAREs at
several steps of the reaction cycle, i.e., v/t-SNARE com-nate fission activity, and at the same time activate
Cell
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Figure 8. Working Model of the Association
of SNAREs and the Dynamin-like GTPase
Vps1p during a Cycle of Vacuole Fission
and Fusion
v- and t-SNAREs form cis-complexes within
one membrane. These must be disrupted by
Sec18p/NSF and Sec17p/-SNAP as a first
activating step. We propose that the free
t-SNARE Vam3p can be kept inactive for fu-
sion by binding to polymeric Vps1p. Poly-
meric Vps1p should be the form stimulating
vacuole scission. Prior to the next fusion
event, a second step of SNARE activation
(depending only on Sec18p/NSF) is neces-
sary, which liberates the t-SNARE for forming
v-t complexes in trans and for triggering
fusion. This activation step disassembles
Vps1p and should suppress its fission ac-
tivity.
added as protease inhibitor cocktail to solutions at all steps ofplexes in cis or trans, or unpaired v- or t-SNAREs. Trans-
handling vacuoles after their isolation.SNARE pairing may indicate the completion of docking
and, for example, in vacuole fusion, it triggers Ca2 efflux
from the vesicular lumen (Merz and Wickner, 2004; Pe- Vacuole Isolation and Fusion
Yeast was precultured in YPD medium (6–8 hr, 30C). Overnightters and Mayer, 1998). The transition from trans- to cis-
cultures were inoculated (30C, 14–16 hr, 225 rpm) in baffled 2 literSNARE complexes, which follows fusion, may be a cru-
Erlenmeyer flasks with 1 liter YPD medium. At an OD600 of 2–5, cellscial intermediate for reactivating the SNARE system and
were centrifuged (5 min, 4000  g, 23C, JA10 rotor), resuspendedfor signaling the beginning of a new trafficking cycle.
in 50 ml 0.1 M Tris/Cl (pH 8.9) with 10 mM DTT, incubated (10 min,
Also, individual SNAREs can regulate crucial aspects of 30C), centrifuged (5 min, 4000 g, 2C, JA10 rotor), resuspended in
a complete membrane trafficking cycle that are unre- 15 ml SB (50 mM K-phosphate [pH 7.5], 600 mM sorbitol in YPD
with 0.2% dextrose and 3600 U/ml oxalyticase for BJ3505 and 1800lated to v/t-SNARE pairing. This includes the regulation
U/ml for DKY6281), and transferred into 30 ml Corex tubes. Cellsof palmitoylation mediated by the v-SNARE Ykt6p (Die-
were incubated (20 min, 30C), reisolated (1 min, 800  g, then 1trich et al., 2004), the sorting of cargo into transport
min, 1500  g, 2C, JA20 rotor), and resuspended in 2.5 ml of 15%vesicles (Morsomme et al., 2003), or disassembling dy-
Ficoll 400 in PS buffer (10 mM PIPES/KOH [pH 6.8], 200 mM sorbitol)
namins as shown here for the t-SNARE Vam3p. by gentle stirring with a glass rod. DEAE-dextran (200 l for BJ3505
Vps1p depolymerization and release require Sec18p/ or 100 l for DKY6281) was added from a fresh stock (0.4 mg/ml)
in 15% Ficoll in PS buffer. The cells were incubated (2 min at 0C,NSF and t-SNARE activity but are independent of Sec17p/
75 s at 30C), chilled again, transferred to a SW41 tube, and overlaid-SNAP and the v-SNARE Nyv1p. This defines a novel
with 3 ml of 8% Ficoll, 3 ml of 4% Ficoll, and 1.5 ml of 0% FicollSec18p/NSF-dependent branch of priming, i.e., of the
(all in PS buffer). After centrifugation (90 min, 150,000 g), the vacu-ATP-driven reactivation of the membranes for fusion,
oles were harvested from the 0%/4% interphase. The amount of
which is unrelated to cis or trans-v/t-SNARE complexes the harvested 4% phase was minimized, since it interferes with
and which involves the activity of an individual t-SNARE. reisolation of the vacuoles in subsequent experiments. A standard
fusion reaction contained 3 g of each vacuole type (isolated fromIn many transport steps, inactivation of v-SNAREs is
strains BJ3505 and DKY6281) in a total volume of 30–35 l reactionless detrimental to fusion than inactivation of t-SNAREs
buffer (20 mM PIPES/KOH [pH 6.8], 200 mM sorbitol, 150 mM KCl,(David et al., 1998; Nichols et al., 1997; Patel et al., 1998;
0.5 mM MgCl2, 0.5 mM MnCl2, 0.5 mM ATP, 7.5 M pefablock SC,Pelham, 1999; Schoch et al., 2001), which has often
7.5 ng/ml leupeptin, 3.75 M o-phenanthroline, 37.5 ng/ml pepstatin
been ascribed to redundancy of v-SNAREs. We pro- A, 20 mM creatine phosphate, and 35 U/ml creatine kinase). The
pose, however, that the greater severity of t-SNARE ATP regenerating system, containing MgCl2, ATP, creatine phos-
phate, and creatine kinase, was added from a frozen, 20 stockinactivation may reflect function(s) unique to the t-SNARE,
solution in PS buffer with 150 mM KCl. After 60 min at 27C, alkalinesuch as the one described here.
phosphatase activity was determined (Wickner and Haas, 2000).
One unit fusion activity is defined as 1mol p-nitrophenol developed
Experimental Procedures
per min and g BJ3505 vacuoles at 27C.
Strains and Vps1p antibodies are described in the Supplemental
Data on the Cell website. Heat Inactivation of Conditional sec17 and sec18 Alleles
Cells carrying conditional alleles were grown logarithmically over-
night at 22C. The cells were inactivated by performing the sphero-General Methods
PS buffer (10 mM PIPES/KOH [pH 6.8], 200 mM sorbitol) was used blasting step of vacuole preparation at 37C (20 min). For sec17-1,
the culture flask had in addition been transferred to 37C for 1 hras a basis for most solutions. Buffer G is PS buffer, 50 mM KCl, 0.5
mM MnCl2, 100 M CaCl2. PIC is 7.5 M pefablock SC, 7.5 ng/ml before harvesting the cells. Isogenic wild-type cells were always
treated in the same way as the mutants.leupeptin, 3.75 M o-phenanthroline, 37.5 ng/ml pepstatin A. It was
t-SNARE Controls Dynamin Disassembly
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Assay for cis-SNARE Separation tion of dynamin isoforms in mammalian cells. Mol. Biol. Cell 9, 2595–
2609.Vacuoles were pelleted from fusion reactions (5 min, 8000 g, 4C),
solubilized in buffer G with 0.5% Triton X-100, and immunoprecipi- Cao, H., Thompson, H.M., Krueger, E.W., and McNiven, M.A. (2000).
tated with 10 g affinity-purified antibodies adsorbed to protein G Disruption of Golgi structure and function in mammalian cells ex-
Sepharose (1 hr, 4C). Pelleted Sepharose was washed subse- pressing a mutant dynamin. J. Cell Sci. 113, 1993–2002.
quently with buffer and eluted with SDS sample buffer.
Conradt, B., Haas, A., and Wickner, W. (1994). Determination of four
biochemically distinct, sequential stages during vacuole inheritance
Assay for Vam3p-Vps1p Binding
in vitro. J. Cell Biol. 126, 99–110.
His6-Vam3 (in pET28a, gift of Axel Bru¨nger, Stanford) and His6-Vps1
David, D., Sundarababu, S., and Gerst, J.E. (1998). Involvement of(construct see above) were expressed in E. coli BL21 and purified
long chain fatty acid elongation in the trafficking of secretory vesi-by Ni2 affinity chromatography as described above for the produc-
cles in yeast. J. Cell Biol. 143, 1167–1182.tion of Vps1p antigen. The buffer of the purified proteins was ex-
changed into PS with 150 mM KCl by repeated dilution and ultrafiltra- D’Hondt, K., Heese-Peck, A., and Riezman, H. (2000). Protein and
tion. Aliquots of the proteins were stored at80C. Five micrograms lipid requirements for endocytosis. Annu. Rev. Genet. 34, 255–295.
Vam3p cytosolic domain and 10 g his6-Vps1p were incubated in Dietrich, L.E., Gurezka, R., Veit, M., and Ungermann, C. (2004). The
100 l PS buffer with 50 mM KCl, 0.5 mM MnCl2, 0.2% Triton X-100 SNARE Ykt6 mediates protein palmitoylation during an early stage
(2 hr, 30C). Ten micrograms affinity-purified antibodies to Vam3p, of homotypic vacuole fusion. EMBO J. 23, 45–53.
bound to protein A Sepharose, were added. After 1 hr of gentle
Dulubova, I., Yamaguchi, T., Wang, Y., Sudhof, T.C., and Rizo, J.mixing (4C), samples were diluted with 1 ml of buffer, and the beads
(2001). Vam3p structure reveals conserved and divergent propertieswere sedimented. The pellets were washed twice with the same
of syntaxins. Nat. Struct. Biol. 8, 258–264.buffer as above. Adsorbed proteins were solubilized in SDS sam-
ple buffer. Eitzen, G., Wang, L., Thorngren, N., and Wickner, W. (2002). Remod-
eling of organelle-bound actin is required for yeast vacuole fusion.
J. Cell Biol. 158, 669–679.Coimmunoprecipitation of HA-Vam3p and Vam3p
Vacuoles were pelleted from fusion reactions (5 min, 20000 g, 4C) Ekena, K., and Stevens, T.H. (1995). The Saccharomyces cerevisiae
and solubilized in PS buffer with 50 mM KCl, 0.5 mM MnCl2, 1% MVP1 gene interacts with VPS1 and is required for vacuolar protein
Triton X-100 (10 min, 4C). Alternatively, 30 mM Zwittergent (Calbio- sorting. Mol. Cell. Biol. 15, 1671–1678.
chem) could be used, yielding similar results. The samples were
Galas, M.C., Chasserot-Golaz, S., Dirrig-Grosch, S., and Bader, M.F.centrifuged (5 min, 20000 g, 4C). The supernatant was immunopre-
(2000). Presence of dynamin-syntaxin complexes associated withcipitated with 10 g monoclonal HA antibodies (Roche, Penzberg)
secretory granules in adrenal chromaffin cells. J. Neurochem. 75,adsorbed to protein G Sepharose (1 hr, 4C). Pelleted Sepharose
1511–1519.was washed three times with the immunoprecipitation buffer with
Graham, M.E., O’Callaghan, D.W., McMahon, H.T., and Burgoyne,0.1% Triton X-100 and eluted with SDS sample buffer.
R.D. (2002). Dynamin-dependent and dynamin-independent pro-
cesses contribute to the regulation of single vesicle release kineticsAcknowledgments
and quantal size. Proc. Natl. Acad. Sci. USA 99, 7124–7129.
We thank Monique Reinhardt and Andrea Schmidt for assistance Hinshaw, J.E. (2000). Dynamin and its role in membrane fission.
and Greg Payne, Axel Bru¨nger, and Tom Stevens for strains. We Annu. Rev. Cell Dev. Biol. 16, 483–519.
also thank Anne Spang, Harvey McMahon, Margot Thome, Roza Hinshaw, J.E., and Schmid, S.L. (1995). Dynamin self-assembles
Kucharczyk, and members of the Mayer lab for critical discussion into rings suggesting a mechanism for coated vesicle budding. Na-
and comments on the manuscript. A.M. is particularly grateful to ture 374, 190–192.
Profs. Claude Bron and Jaques Maue¨l for their continued engage-
Hoepfner, D., van den Berg, M., Philippsen, P., Tabak, H.F., andment in teaching and to the members of the Department of Biochem-
Hettema, E.H. (2001). A role for Vps1p, actin, and the Myo2p motoristry for their support, which facilitated rapid rebuilding of the lab
in peroxisome abundance and inheritance in Saccharomyces cere-in Lausanne. This work was supported by grants from HFSP, SNF,
visiae. J. Cell Biol. 155, 979–990.DFG, MPG, and the Boehringer Ingelheim foundation.
Holroyd, P., Lang, T., Wenzel, D., De Camilli, P., and Jahn, R. (2002).
Imaging direct, dynamin-dependent recapture of fusing secretoryReceived: April 15, 2004
granules on plasma membrane lawns from PC12 cells. Proc. Natl.Revised: September 27, 2004
Acad. Sci. USA 99, 16806–16811.Accepted: October 20, 2004
Published: November 23, 2004 Hua, Y., and Scheller, R.H. (2001). Three SNARE complexes cooper-
ate to mediate membrane fusion. Proc. Natl. Acad. Sci. USA 98,
References 8065–8070.
Lee, E., and De Camilli, P. (2002). Dynamin at actin tails. Proc. Natl.
Banta, L.M., Robinson, J.S., Klionsky, D.J., and Emr, S.D. (1988). Acad. Sci. USA 99, 161–166.
Organelle assembly in yeast: characterization of yeast mutants de-
Liu, J.P., Powell, K.A., Sudhof, T.C., and Robinson, P.J. (1994). Dy-fective in vacuolar biogenesis and protein sorting. J. Cell Biol.
namin I is a Ca(2)-sensitive phospholipid-binding protein with very107, 1369–1383.
high affinity for protein kinase C. J. Biol. Chem. 269, 21043–21050.
Bayer, M.J., Reese, C., Buhler, S., Peters, C., and Mayer, A. (2003).
Marks, B., Stowell, M.H., Vallis, Y., Mills, I.G., Gibson, A., Hopkins,Vacuole membrane fusion: V0 functions after trans-SNARE pairing
C.R., and McMahon, H.T. (2001). GTPase activity of dynamin andand is coupled to the Ca2-releasing channel. J. Cell Biol. 162,
resulting conformation change are essential for endocytosis. Nature211–222.
410, 231–235.Boeddinghaus, C., Merz, A.J., Laage, R., and Ungermann, C. (2002).
Mayer, A., and Wickner, W. (1997). Docking of yeast vacuoles isA cycle of Vam7p release from and PtdIns 3-P-dependent rebinding
catalyzed by the Ras-like GTPase Ypt7p after symmetric primingto the yeast vacuole is required for homotypic vacuole fusion. J.
by Sec18p (NSF). J. Cell Biol. 136, 307–317.Cell Biol. 157, 79–90.
Mayer, A., Wickner, W., and Haas, A. (1996). Sec18p (NSF)-drivenBonangelino, C.J., Nau, J.J., Duex, J.E., Brinkman, M., Wurmser,
release of Sec17p (-SNAP) can precede docking and fusion ofA.E., Gary, J.D., Emr, S.D., and Weisman, L.S. (2002). Osmotic
yeast vacuoles. Cell 85, 83–94.stress-induced increase of phosphatidylinositol 3,5-bisphosphate
requires Vac14p, an activator of the lipid kinase Fab1p. J. Cell Biol. Merrifield, C.J., Feldman, M.E., Wan, L., and Almers, W. (2002). Im-
156, 1015–1028. aging actin and dynamin recruitment during invagination of single
clathrin-coated pits. Nat. Cell Biol. 4, 691–698.Cao, H., Garcia, F., and McNiven, M.A. (1998). Differential distribu-
Cell
678
Merz, A.J., and Wickner, W.T. (2004). Trans-SNARE interactions elicit Schoch, S., Deak, F., Konigstorfer, A., Mozhayeva, M., Sara, Y.,
Sudhof, T.C., and Kavalali, E.T. (2001). SNARE function analyzed inCa2 efflux from the yeast vacuole lumen. J. Cell Biol. 164, 195–206.
synaptobrevin/VAMP knockout mice. Science 294, 1117–1122.Morsomme, P., Prescianotto-Baschong, C., and Riezman, H. (2003).
Shaw, J.M., and Nunnari, J. (2002). Mitochondrial dynamics andThe ER v-SNAREs are required for GPI-anchored protein sorting
division in budding yeast. Trends Cell Biol. 12, 178–184.from other secretory proteins upon exit from the ER. J. Cell Biol.
162, 403–412. Song, B.D., Yarar, D., and Schmid, S.L. (2004). An assembly-incom-
petent mutant establishes a requirement for dynamin self-assemblyMuller, J.M., Rabouille, C., Newman, R., Shorter, J., Freemont, P.,
in clathrin-mediated endocytosis in vivo. Mol. Biol. Cell 15, 2243–Schiavo, G., Warren, G., and Shima, D.T. (1999). An NSF function
2252.distinct from ATPase-dependent SNARE disassembly is essential
for Golgi membrane fusion. Nat. Cell Biol. 1, 335–340. Stewart, B.A., Mohtashami, M., Trimble, W.S., and Boulianne, G.L.
(2000). SNARE proteins contribute to calcium cooperativity of syn-Muller, J.M., Shorter, J., Newman, R., Deinhardt, K., Sagiv, Y., Elazar,
aptic transmission. Proc. Natl. Acad. Sci. USA 97, 13955–13960.Z., Warren, G., and Shima, D.T. (2002a). Sequential SNARE disas-
sembly and GATE-16-GOS-28 complex assembly mediated by dis- Stowell, M.H., Marks, B., Wigge, P., and McMahon, H.T. (1999).
tinct NSF activities drives Golgi membrane fusion. J. Cell Biol. Nucleotide-dependent conformational changes in dynamin: evi-
157, 1161–1173. dence for a mechanochemical molecular spring. Nat. Cell Biol. 1,
27–32.Muller, O., Bayer, M.J., Peters, C., Andersen, J.S., Mann, M., and
Mayer, A. (2002b). The Vtc proteins in vacuole fusion: coupling NSF Takei, K., McPherson, P.S., Schmid, S.L., and De Camilli, P. (1995).
activity to V0 trans-complex formation. EMBO J. 21, 259–269. Tubular membrane invaginations coated by dynamin rings are in-
duced by GTP-S in nerve terminals. Nature 374, 186–190.Nichols, B.J., Ungermann, C., Pelham, H.R., Wickner, W.T., and
Haas, A. (1997). Homotypic vacuolar fusion mediated by t- and Ungermann, C., Sato, K., and Wickner, W. (1998). Defining the func-
v-SNAREs. Nature 387, 199–202. tions of trans-SNARE pairs. Nature 396, 543–548.
Nothwehr, S.F., Conibear, E., and Stevens, T.H. (1995). Golgi and Ungermann, C., von Mollard, G.F., Jensen, O.N., Margolis, N., Ste-
vacuolar membrane proteins reach the vacuole in vps1 mutant yeast vens, T.H., and Wickner, W. (1999). Three v-SNAREs and two
cells via the plasma membrane. J. Cell Biol. 129, 35–46. t-SNAREs, present in a pentameric cis-SNARE complex on isolated
vacuoles, are essential for homotypic fusion. J. Cell Biol. 145, 1435–Ochoa, G.C., Slepnev, V.I., Neff, L., Ringstad, N., Takei, K., Daniell,
1442.L., Kim, W., Cao, H., McNiven, M., Baron, R., and De Camilli, P.
(2000). A functional link between dynamin and the actin cytoskeleton Vater, C.A., Raymond, C.K., Ekena, K., Howald-Stevenson, I., and
at podosomes. J. Cell Biol. 150, 377–389. Stevens, T.H. (1992). The VPS1 protein, a homolog of dynamin re-
quired for vacuolar protein sorting in Saccharomyces cerevisiae, isOkamoto, M., Schoch, S., and Sudhof, T.C. (1999). EHSH1/inter-
a GTPase with two functionally separable domains. J. Cell Biol.sectin, a protein that contains EH and SH3 domains and binds to
119, 773–786.dynamin and SNAP-25. A protein connection between exocytosis
and endocytosis? J. Biol. Chem. 274, 18446–18454. Vida, T.A., and Emr, S.D. (1995). A new vital stain for visualizing
vacuolar membrane dynamics and endocytosis in yeast. J. Cell Biol.Orth, J.D., Krueger, E.W., Cao, H., and McNiven, M.A. (2002). The
128, 779–792.large GTPase dynamin regulates actin comet formation and move-
ment in living cells. Proc. Natl. Acad. Sci. USA 99, 167–172. Wada, Y., Ohsumi, Y., and Anraku, Y. (1992). Genes for directing
vacuolar morphogenesis in Saccharomyces cerevisiae. I. IsolationPatel, S.K., Indig, F.E., Olivieri, N., Levine, N.D., and Latterich, M.
and characterization of two classes of vam mutants. J. Biol. Chem.(1998). Organelle membrane fusion: a novel function for the syntaxin
267, 18665–18670.homolog Ufe1p in ER membrane fusion. Cell 92, 611–620.
Wang, Y.X., Kauffman, E.J., Duex, J.E., and Weisman, L.S. (2001).Pelham, H.R. (1999). SNAREs and the secretory pathway-lessons
Fusion of docked membranes requires the armadillo repeat proteinfrom yeast. Exp. Cell Res. 247, 1–8.
Vac8p. J. Biol. Chem. 276, 35133–35140.
Peters, C., and Mayer, A. (1998). Ca2/calmodulin signals the com-
Weisman, L.S. (2003). Yeast vacuole inheritance and dynamics.pletion of docking and triggers a late step of vacuole fusion. Nature
Annu. Rev. Genet. 37, 435–460.396, 575–580.
Wickner, W., and Haas, A. (2000). Yeast homotypic vacuole fusion:Peters, C., Andrews, P.D., Stark, M.J., Cesaro-Tadic, S., Glatz, A.,
a window on organelle trafficking mechanisms. Annu. Rev. Biochem.Podtelejnikov, A., Mann, M., and Mayer, A. (1999). Control of the
69, 247–275.terminal step of intracellular membrane fusion by protein phospha-
Zenisek, D., Steyer, J.A., Feldman, M.E., and Almers, W. (2002). Atase 1. Science 285, 1084–1087.
membrane marker leaves synaptic vesicles in milliseconds afterPeters, C., Bayer, M.J., Buhler, S., Andersen, J.S., Mann, M., and
exocytosis in retinal bipolar cells. Neuron 35, 1085–1097.Mayer, A. (2001). Trans-complex formation by proteolipid channels
in the terminal phase of membrane fusion. Nature 409, 581–588.
Rothman, J.H., Howald, I., and Stevens, T.H. (1989). Characterization
of genes required for protein sorting and vacuolar function in the
yeast Saccharomyces cerevisiae. EMBO J. 8, 2057–2065.
Rothman, J.H., Raymond, C.K., Gilbert, T., O’Hara, P.J., and Stevens,
T.H. (1990). A putative GTP binding protein homologous to inter-
feron-inducible Mx proteins performs an essential function in yeast
protein sorting. Cell 61, 1063–1074.
Salazar, M.A., Kwiatkowski, A.V., Pellegrini, L., Cestra, G., Butler,
M.H., Rossman, K.L., Serna, D.M., Sondek, J., Gertler, F.B., and De
Camilli, P. (2003). Tuba, a novel protein containing bin/amphiphysin/
Rvs and Dbl homology domains, links dynamin to regulation of the
actin cytoskeleton. J. Biol. Chem. 278, 49031–49043.
Sanyal, S., Tolar, L.A., Pallanck, L., and Krishnan, K.S. (2001). Ge-
netic interaction between shibire and comatose mutations in Dro-
sophila suggest a role for snap-receptor complex assembly and
disassembly for maintenance of synaptic vesicle cycling. Neurosci.
Lett. 311, 21–24.
Schmid, S.L., and Damke, H. (1995). Coated vesicles: a diversity of
form and function. FASEB J. 9, 1445–1453.
